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In the last two decades the construction sector has experienced increasing demands to deliver high 39 performance and complex buildings while ensuring cost efficiency, quality and reduced delivery times 40 [1, 2] . These challenges have been addressed by new higher performance products and systems that 41 meet the increasingly stringent regulations and standards. However, this approach has resulted in an 42 increasingly complex building procurement and building design process, to the extent that the final 43 product performance is not known accurately, thus increasing the chance of incurring into unforeseen 44 errors during the construction stage [3] . In addition, productivity improvements in the construction 45 sector are not keeping pace with those of other industries, such as manufacturing [4] . Off-site 46 manufacture is considered essential for targeting the above challenges [5, 6] , but this requires early 47 design and planning, although early commitment to manufacturer-specific systems by clients and 48 designers is often seen as a limitation to the architectural expression. Therefore, design solutions 49
should consider a multitude of performance and constructability criteria, as well as standard 50 compliance, while remaining sufficiently generic to be "tenderable" by multiple contractors. In this 51
way, competition between bidders remains high, so that quality and cost-effectiveness are achieved. 52
Optimisation procedures can help designers understand the benefits of manufacturer-specific product 53 integration into their design, but real-world applications are still lacking [7] . 54 Façades play a fundamental role in buildings: they act as technological, multipurpose filters between 55 the inner and the outer environment. They significantly affect the overall embodied and operational 56 carbon emissions as well as the internal comfort levels of buildings. Façades can constitute up to the 57 30% of the overall building construction cost [8] . If prefabricated, they are more similar to industrial 58 products and as such, they require production-related constraints to be considered [9] : a design for 59
Manufacture and Assembly approach [10] would thus be beneficial particularly during early stages, 60 which are known to have disproportionally large impact on the final cost of the system. Façades also 61 provide that aesthetic expression to the building which makes cities more habitable and pleasant to 62 live in. This two-folded nature of designing façades, as both technical and aesthetical artefacts, is 63 seldom acknowledged by the multitude of stakeholders involved in the design and construction 64 process, which rather prefer to act as single entities driven by their own responsibility, views and 65 interests. 66
Facade design is nowadays seen as an increasingly complex activity. Potential failure mechanisms 67 across multiple domains require many experts to perform detailed analyses and, at the same time, 68 the multitude of performance requirements needs to be managed and understood by the architect, 69
to then support the architectural intent while introducing systems from specific manufacturers into 70 their design. Ideally, the architect would design the facade in such a way that specialists (e.g. façade 71
consultants, building physicists, fire / acoustic / structural engineers) or system suppliers do not have 72 to propose substantial changes to the solution, but only to perform detailed analyses to add further 73 levels of detail and to confirm that the original design complies with performance requirements and 74 manufacturing limits. Downstream knowledge (i.e. manufacturing) would thus be brought upstream 75 in the process (i.e. conceptual stage). In this way, there would be no significant modification to the 76 original design due to the reduction in design iterations between specialists. In this ideal world, there 77 would be a clear-cut between the aesthetic design and the engineering analysis of the facade product 78
[11]; those two phases would take place subsequently in time, one after the other, with no need to 79 back cycle. 80
The reality of facade design differs from that ideal in that consultants propose design changes and 81 designers modify the final design accordingly, thus requiring the work of the consultant who came 82 chronologically before to be repeated ( Figure 1 ). It is an iterative, interdependent and ill-structured 83 activity and it differs from other design activities in that the supply chain is large and the design is 84 driven by the aesthetical appearance. The influence of energy regulations on architectural design also 85 leads to additional design loops. Moreover, the more complex (i.e. lower standardisation) the project, 86 the higher the need to increase design iterations. identify optimal solutions in a computationally-efficient manner. However, the extensive use of these 120 approaches on real-world projects is still limited [7] . Moreover, the above-mentioned optimisation 121 applications normally focus on finding one or more exact solutions for a problem defined by limited 122 number of simplified constraints. This evidence contrasts with the requirements of façade design, 123 which ought to consider concurrently the largest spectrum of design and manufacturing criteria. 124 
127
The main motivations for the present work are the need for properly-constrained optimisation 128 approaches that consider the architect's role and the absence of techniques for the automation of 129 design knowledge in the façade sector (Figure 2 ). To this end, we introduce a two-step process formed 130 of two consecutive sub-processes: one to build DFMA-oriented and product-based knowledge bases 131 and the corresponding digital tool (Section 2.1), and another one that optimises façades as products 132 with some aesthetics expression, products that require specific performances, and products that need 133 to be manufactured and installed (Section 2.2). In Section 3 we apply both sub-processes to a real- 3). It is a product-based approach, in which the study of the product architecture is central through 141 to store and structure the collected knowledge. The following sub-steps 1 from step 2) can be identified 149 ( Figure 3 and Figure 4 ). 150 This step involves the analysis of the product's physical components and their part-whole relationship, 154 thus leading to the definition of the product taxonomy (or "product breakdown"). For example, if we 155 consider the "unitised façade system" as the overarching product, its subcomponents will be the 156 structural profiles, the infill panels (glazed or opaque), the connections with the primary structure and 157 the gaskets or seals. The components are represented by blue squares (Figure 4) , and the continuous 158 line that connects them represents the part-whole relationship (aka "contains" relationship). The 159 component positioned above a generic component represents the "whole", whereas elements 160 located below it represent its "parts". 161
151
The relevant MOKA forms ("Entity-Structure" form) representing the physical entities are then created 162 based on the taxonomy and stored in the Knowledge Base. The part-whole relationship is expressed 163 through links (e.g.: hypertext) placed in the appropriate form field. 164 2.1.2 Sub-step 2b: associate the product's functions with the taxonomy 165 The creation of the product taxonomy is then followed by the connection between the functions and 166 each physical component. Once the functions of the product have been specified, they are associated 167 with the corresponding physical components. Following the example above, the "connect to primary 168 structure" function will be linked to the connection between the panel and the structural slab, 169 whereas both the "provide thermal insulation" and "withstand wind loads" functions will be 170 associated with the structural profiles and the infill panels. Figure 4 shows the functions as orange 171 rhombuses, and the connections to the physical components (blue squares) represent the link 172 between the physical components and their functions. 173
The functions are stored in the KB by creating "Entity-Function" forms and by linking each function to 174 a specific physical entity from the previously-created "Entity Structure" forms. 175 2.1.3 Sub-step 2c: associate design knowledge with the taxonomy 176
In this step the design and manufacturing knowledge collected in step 1 (knowledge collection) is 177 associated with a specific physical element. In the above example of the unitised system, a "maximum 178 glazed element dimensions" (e.g. obtained after specific enquiry to a glass supplier) constraint that 179 defines the maximum width and height of a specific glass infill panel will be associated with the 180 manufacturing constraints of glazing units. In Figure 4 
Sub-process 2: determination of the set of optimal solutions
191
Multi-objective optimisation is here built to determine the optimal trade-off between 1) the 192 architectural intent and 2) the required performance, while taking into account a series of 3) 193 constraints. The three elements are explored in a so-called "meta-domain" and they are represented 194 by a scatterplot (Figure 5b ). The idea is to generate a relatively large number of solutions starting from 195 the solution initially conceived through the knowledge-based tool (here defined as "proposed design") 196 and to explore the optimal ones by applying small variations from the proposed design. 197
The X-axis in Figure 5 represents the architectural intent, which is defined as the variation from the 198 "proposed design" in terms of main frontal geometrical features (e.g. joint and openings position and 199 dimensions). This is based on the hypothesis that early-stage architectural intent is mostly driven by 200 those features. Therefore, the index named "Variation from proposed design" of the i-th solution, 1 , 201 is defined as (obtained in a similar way to the concept of variance in statistics): 202
Where is the j-th frontal geometrical feature of the i-th solution generated by the optimisation 204 engine and 0 is the j-th frontal geometrical feature of the proposed design. Small values of 1 205 represent solutions that preserve the initial architectural intent, which is intrinsically embedded in the 206 proposed design. 207
The Y-axis represents the required performance, defined as the deviation of the i-th solution from a 208 "reference point", defined below. The index, named "Deviation from the reference point" of the i-th 209 solution, 2 , is defined as: 210
where is the value of the k-th objective function associated with the i-th solution, , is the value 212 of the k-th objective function associated with the point, on the Pareto Front, representing the optimal 213 choice (the "reference point"), is the area of the façade panel and is the total area covered 214 by the façade type under investigation. 2 is always defined as positive since , , is the 215 smallest of all . The reference point can be found by creating a penalty function P [33], which 216 coincides with the value of 2 . Therefore, represent the "exchange coefficients" that describe how 217 the penalty function varies with each the objective functions ( = ⁄ ). The coefficients can be 218 either constant or variable. The ratio ⁄ represents the total number of panels. Minimising 219 2 means selecting solutions close to the optimal one in terms of expected performance. 220
The radius of the i-th point on the scatterplot represents the number of knowledge-based constraints 221 which are violated. Depending on the level of importance of each constraint, its violation can be either 222 classified as an error (hard constraint), or as a warning ("softer" constraint). The information on 223 whether a violated constraint is hard or soft is contained in the KB. For example, a constraint is hard 224 if the weight of a façade panel exceeds the transportation limits, whereas the constraint can be 225 deemed soft if a rule-of-thumb indicates a higher risk of failure (e.g. window-to-wall area above a 226 certain limit for overheating risk, thus requiring further detailed, specialist analyses). The importance 227 of constraints violated in each façade solution is summarised by the Weighted Constraint Score (WCS) 228 as defined below. Furthermore, since it is desirable to have the "virtuous" solutions (i.e. solutions with 229 few violated constraints) to be more visible in the scatterplot, an index, named Constraint Function 230 (CF) and representing the radius of the i-th point, is defined as follows: 231 The goal of the optimisation is to minimise both 1 and 2 , while maximising CF. If the "proposed 239 solution" is the optimal one, then it will have coordinates (0,0) in Figure 5 . If no solution is found at 240 coordinates (0,0), a set of non-dominated solutions ("meta-Pareto front") will be generated that 241 consider a trade-off between architectural intent, deviation from the reference point, and number of 242 violated constraints represented by CF. This approach yields effective results when implemented with 243 interactive data visualisation techniques such as HTML diagramming with the Javascript Library D3.js 244
[34], due to the large amount of data that is generated. 245 be seen as a subcategory of the process maps described in Montali et al. [31] . The process is to allow 251 the user to generate their own conceptual design, then enrich it with the knowledge-based tool, 252 evaluate the performance and check if the design complies with the production-related constraints. 253
Then, the user may either repeat the process normally to remove constraints that are violated or 254 he/she chooses to run the computational optimisation to look for alternative high-performance, 255 constraint-compliant solutions. 256 261 The case study consists of a recently built residential building in London. The tower is a 36-storey 262 building clad with precast, single-leaf concrete panels. The prefabricated panels include precast 263 concrete, insulation and window elements. The total area of the facade is 3,532m 2 . Once the 264 component was installed, the dry lining, vapour control layer and plasterboard were applied onsite. 265 Figure 7 shows the panel's main frontal dimensions, position with respect to the primary structure 266 and build-up. The South East façade is considered in this paper. The main motivation behind the choice 267 of the present case study is that it is very sensitive to early-stage decisions that could affect late-stage 268 performance; also, it is very important to define the main geometrical dimensions as early as possible 269 in the design process, due to the prefabricated nature of the panel. 270
Case study
The panels were manufactured at the Explore Industrial Park, a manufacturing facility located in 271 Steetley, Nottinghamshire (UK) part of the Laing O'Rourke ltd group. The facility provides production 272 lines with different degrees of automation for different types of products depending on their level of 273 bespokedness. The panels analysed in this paper were manufactured in the so-called "Bespoke 274
Carousel System" (BSC), which consists of a semi-automated line. In the BSC, the panels are 275 manufactured on a steel table which are conveyed through a series of stations were specific 276 operations (e.g. mould lay-up, reinforcement and fitting installation, casting, panel turning for 277 demoulding) are performed. Each station presents some manufacturing constraints and rules that 278 affect the design of the precast panel. 279 is available in the additional material that accompanies this paper. 287 3.2 Sub-process 1: how to build the knowledge base and the digital tool 288 The process discussed in Montali et al.
[31] and developed further in in Section 2.1 ( Figure 3) has been 289 applied to the case study illustrated in Section 3.1. The following sections will illustrate the step-by-290 step process followed to build the final digital tool. 291
Step 1: knowledge collection 292
The first step consisted in collecting the knowledge from relevant people within the company. 293
Relevant people included, for instance, experts in the manufacturing division of the company giving 294 advice on the constructability issues arising at late-stages, or people working at earlier stages on the 295 thermal design of the panel (either directly or by supervising external consultants). All useful 296 knowledge was then stored and used later to build the Product Model. A series of semi-structured 297 interviews were initially conducted. To facilitate the process of knowledge collection, the interviewees 298 were shown the latest version of the developed tool and asked to provide comments. Once the 299 feedback about the tool was collected, the discussion moved towards adding more design and 300 manufacturing rules/constraints to the model. 301
Step 2: Knowledge base 302
Sub-step 2a 303
Sub-step 2a investigates the taxonomy of the product by considering the fundamental components 304 that constitute the panel. The taxonomy is characterised by a relationship between the overall product 305 and its constituents (in accordance with Klein's "product levels" [8]) of the type "contains". The 306 taxonomy for the precast, single leaf panel is shown in Figure 8 , in which each element is associated 307 with a corresponding "Entity-Structure" ICARE form that stores information about their upper-and 308 lower-level constituents. Grey boxes represent the "leaves" of the diagram, which were then assigned 309 a function in step b). An "Entity-Function" form was created to store a description of the function. 310 311 
312
("product levels") by Klein [8] . Grey boxes represent the "leaves" of the tree.
313
Each component was then stored in a corresponding MOKA "Entity-structure" form. The "parent 314 entity" or "child entity" fields of the form were filled with hyperlinks to the corresponding references 315
to the "Entity-structure" forms representing the "whole" and the "part", respectively
. 316
Sub-step 2b 317
The second part of step 2 consists of linking the product's functions with the physical components 318 defined in the previous sub-step. This is represented diagrammatically in the directional force-directed 319 layout shown in Figure 9 . The meaning of the directed arrow depends on the start and end elements: 320 if an arrow points to an "Entity-structure" element (dark green circle) from an "Entity-function" 321 element, this signifies that the link will be of the type "function associated with the physical element". 322
Conversely, two "Entity-structure" elements connected to another share a part-whole relationship 323
("has a"), as per sub-step 2a. 324 
Sub-step 2c 328
The ontological framework of the Product Model hitherto created includes information about the 329 product breakdown and the associated functions. Sub-step 2c adds knowledge about rules and 330 constraints associated with the design and manufacture of the product, which was collected in step 1. 331 This is achieved by creating the remaining "Illustration", "Rule", "Constraint" and "Activity" forms and 332 by linking them with the relevant "Entity-structure" and "Entity-functions" forms created in the 333 preceding steps. 334
For example, the rule governing the thickness of the structural concrete layer has been developed 335 through a case-based, multi-linear regression by analysing a series of existing projects of the precast 336 concrete manufacturer. The formula presents a lower bound given by an if…then… heuristic rule. The 337 rule was defined as follows: 338 Figure 10 shows the diagram generated through the Javascript library D3.js [34] . 355
The resulting KB works as follows. From the hierarchical edge bundling, the user can hover on specific 356 elements such as rules, constraints, description of a physical component or its functions. The diagram 357 is interactive in that it highlights in green all the links and interrelated elements to that specific 358 element. If the user selects a specific element, a hyperlink redirects to a webpage containing the 359 MOKA form describing the element in question. The form contains further links to the sources of 360 knowledge. In the example shown in Figure 10 , the user hovers on the rule 361 "RU2114_BracketSelection". By clicking on the hyperlink, a webpage is opened containing the logic 362 behind the selection of the appropriate support bracket for the precast panel. The form also contains 363 a field ("Information origin") with a hyperlink to a specific page of a PDF document containing the 364 original source of knowledge. In this way, it is possible to achieve different levels of granularity of the 365 relevant information/knowledge, from the highest level possible (the hierarchical edge bundle), to the 366 most detailed description (the original PDF document). 367 
Step 3: UML class diagramming 373
The definition of the fundamental components of knowledge and their storage into appropriate forms 374 is followed by a UML class diagram to represent the product architecture for the subsequent 375 implementation. Figure 11 shows the generated diagram, in which each class represents a physical 376 component. Functions (e.g. thermal) and properties (e.g. weight) are assigned via interfaces that are 377 implemented by the classes. In some cases, interfaces were not assigned to certain elements since 378 they have a negligible effect on the performance of the panel (e.g. vapour control layer on weight). 379 380 Grasshopper definition is associated to the surface. Figure 12a shows the window to configure the 397 panel in terms of build-up, the type of jointing solutions, the external finish type, as well as other 398
properties such as the thickness of the concrete layer (which can be automatically determined based 399 on the rule described in sub-step 2c) or the thickness of the air layer. All configurations are selected 400 from a pre-built set of solutions, which embed knowledge about the preferred design and 401 manufacturing practices from the manufacturer. Figure 12b shows a series of performance indices are 402 automatically calculated based on the selected configuration, such as U-value, daylight factor, 403 embodied carbon, panel weight and total panel thickness. Figure 12c contains the KB shown in section 404 2.1, which is updated automatically as the user configures the PM. If a "hard constraint" is violated, 405 then the corresponding element will turn red; if the broken constraint is "soft", then the text will turn 406 orange. In this way, the user is informed about the consequences of their design choices. Figure 12d  407 shows that is also possible to determine an early-stage estimate of the expected operational energy 408 or carbon by running a dynamic, single zone energy simulation at run-time via a link to Energy Plus 409 [40] , based on the solution that is currently configured by the user. 410 The knowledge base and the digital tools serve as a configuration tools to understand trade-offs 416 between design criteria. The approach that follows builds upon the first sub-process and seeks for an 417 optimised solution that takes into account for the optimal trade-off between performance, number 418 of violated Design and Manufacturing constraints and adherence to the initially-conceived 419 architectural intent. 420
The optimisation process described in Section 2.2 was applied to identify an optimised solution. The 421 objective functions chosen in this instance are operational carbon ( 1 , measured in kgCO2/y·m 2 of 422 floor area) and embodied carbon ( 2 , measures in kgCO2/kg of panel weight). The deviation from the 423 reference point of the i-th solution di2 is therefore equal to: 424
The penalty function 2 presents the following two coefficients 1 and 2 , which will be variable 426 with the i-th solution: 427
where, for the specific case, is the service life of the facade (equal to 20 years), is the room depth 430 (equal to 5 m), is the panel length identifying the room width, and is the total weight of the panel.
431
Note that , , and depend on the i-th solution: the digital tool will automatically 432 calculate the value of the coefficients at runtime. 433
The operational energy was determined computationally by means of a building performance dynamic 434 simulation in Energy Plus (v8.7). This involved creating a single-zone model with adiabatic surfaces 435 except for the facade under investigation. In this model, the width of the zone corresponds to the 436 width of the panel, which does not necessarily correspond to the room width. For this reason, the 437 analysis should be seen as conducted over the area of influence of the façade, rather than a specific 438 room. A "Building Area Method" as per ASHRAE 90.1 [41] was therefore followed, in which internal 439 gains are given for generic end uses, rather than for specific space types (e.g.: office vs open office or 440 single office). This approach is particularly suitable for early-stage conceptual stages, where the 441 internal distribution of spaces is poorly defined. The template of the .IDF file used for the analysis is 442 available in the additional data that accompanies this paper. 443
A custom-built, random-generating of trials algorithms was used to apply at run-time the knowledge-444 based network of rules and constraints and to incorporate them into the analysis. The following 445 pseudocode describes the internal logic of the algorithm: 446 The algorithm iterates over a specified number of cycles (numOfCycles), thus allowing the user to 464 control the calculation time. The algorithm generates a variation of both the frontal dimensions of the 465 panel and the continuous variables governing the thicknesses of the internal build-up (e.g. thickness 466
of the air layer) based on a certain user-defined maxVariation expressed as a percentage. Continuous 467 variables are drawn from a normal Gaussian distribution with zero mean and variance : 468
where is equal to 0.5 · maxVariation, so that there is a ~95% confidence interval that each sampled 470 feature falls within the maxVariation, while allowing a ~5% of outliers. The sampling was 471 implemented via Box-Muller transformation. Discrete variables are instead sampled from a 472 uniform distribution: 473
474
Where K is the total number of discrete variables for the j-th discrete feature. 475 The same optimisation was run three times with three different values for the parameter numOfCycles 481 (150, 1500, 15000), whereas the parameter maxVariation was set to 10%. Calculation times were 8h, 482 2h and 20mins, respectively. The number of discarded analyses due to unfeasible geometries (e.g. 483 window outline overlapping panel outline) was equal to 46, 473 and 4722, respectively. 484
477
Continuous variables xi Discrete variables Aj
The results were also compared with what obtained from a Genetic Algorithm (GA) approach, which 485 represents the benchmark for the analyses that were run. The prototype whole-life value optimization 486
tool for façade design model [21] was adapted to take into account the variables and objectives in this 487 study. While the database of materials was incorporated in the GA, design knowledge from the 488 knowledge base was not included due to confidentiality reasons. For the implementation of the 489 genetic algorithm, a convergence test was carried out for different population sizes and numbers of 490 generations. A population size of 1000 and number of generation of 50 was selected to ensure that a 491 close approximation of the real Pareto Front can be obtained. The crossover probability was set to 492 70% in the algorithm. Analyses were run on a Windows with 8GB RAM and processor Intel Core i7-493 4650 U, 1.70GHz. The total simulation time is 32hrs for the GA optimisation. 494 
Discussion
517
Results shown in Figure 13 indicate that the initially-proposed configuration (green circle) is not the 518 optimal one. This is evident even if few analyses are run (150 in Figure 13a ). Moreover, solutions 519 associated with very low U-values do not constitute optimal trade-offs between embodied and 520 operational energy: given the relatively large window-to-wall area of this study (circa 40%), the 521 optimal solutions instead correspond to an intermediate level of specification of the window (orange). 522 This is caused by the increased need for cooling energy in the London climate. The incidence of the 523 window type also determined two separate groups of solutions, one corresponding to the low 524 performance window, and one associated with the remaining two (mid-and high-performance) 525 window types. The radii of the solutions (i.e. design and manufacturing constraints) do not follow a 526 specific trend, but the interactive visualisation technique allows the user to browse through each 527 solution individually. The constraints that were affected by the modifications in the range of the 528 proposed design (maxVariation = 10%) regarded the choice of the type of structurally-supporting 529 bracket at the bottom of the joints and the position of the opening being too close to the edge of the 530 panel. 531
The average distance between the generated Pareto front and the one obtained from the GA approach 532 tended to reduce with the "numOfCycles" parameter. In general, optimal solutions from the GA 533 algorithm showed geometrical frontal features (panel width and height) tending towards their limits 534 imposed for the GA optimisation. 535
The proposed meta-domain (Figure 14) includes the architectural intent into the decision-making 536 process via the "Variation from proposed design" of the i-th solution, 1 . The diagrams are 537 characterised by two extreme points: the proposed solution (point "B"), which lies on the Y-axis ( 1 = 538 0 and 2 ≠ 0), and the solution (point "A"), on X-axis, that has the lowest value of 2 ( 1 ≠ 0 and 539 2 = 0 in this case). The latter is the solution, on the Pareto front, that is geometrically more similar 540 to the proposed design. No point with both 1 = 0 and 2 = 0 was determined, which corresponds 541 to the case when the proposed solution lies exactly on the Pareto front. Table 2 summarises the values 542 of d1 and d2 for these two extreme points for the three analyses. The remaining non-dominated 543 solutions in the meta-domain represent optimal trade-offs between the whole carbon savings and the 544 architectural expression. Non-dominated solutions thus allow for more geometrical diversity in favour 545 of a lower environmental impact. In general, the larger the number of analyses, the larger the 546 deviation from the reference point, and therefore the less environmentally friendly the proposed 547 solution will be. There is therefore an additional trade-off between the complexity/time to run the 548 optimisation and the potentially-achievable carbon savings. 549
The proposed approach presents two distinct aspects. The first aspect is the focus on the 550 implementation of design knowledge and its representation in interactive diagrams. This allows the 551 user to browse through a variety of different solutions and understand their performance and 552 compliance to a broad spectrum of design and manufacturing constraints. The second aspect is the 553 ability to explore the "deviations" of optimised solutions from the originally-conceived solution. The 554 deviations take into account for both performance-based criteria and the architect's design intent. 555 A typical usage scenario for the above diagrams would include the selection of the best solutions on 559 the meta-front starting from solutions with the lowest distance from the originally-intended design. 560 Figure 15b shows an example of a design solution that improves the performance of the proposed 561 design while keeping the aesthetical variation from the originally-intended design (Figure 15a ) to the 562 minimum (d1 = 1.86%). The solution in Figure 15b was chosen from the analysis with 563 numOfCycles=15000 (point C in Figure 14c ). The different aesthetical appearance of the solution, 564 combined with the variation in the material properties, led to a reduction of 218 tCO2 for the whole 565
façade from the initially-intended design. This is mostly due to the reduction in insulation material and 566 concrete thickness, as well as to the reduced Window-To-Wall area. However, this solution presents 567 a Weighted Constraint Score equal to 2.5, 1 point higher than the original design. This is due to the 568 presence of a design error regarding the absence of a minimum clearance of 20cm on the supporting 569 structural slab (Figure 15c ). Therefore, designers either need to find solutions to support the panel 570 with less clearance (e.g. by developing a more engineered solution) or by moving down the meta-front 571 to look for solutions with lower Weighted Constraint Scores (and lower d2), even if the aesthetical 572 deviation from the proposed design d1 increases (Figure 14d ). 573 574 
578
Conclusion
579
The present paper shows an approach that makes downstream knowledge (i.e. manufacturing) readily 580 available for use in upstream processes (i.e. early stage design) to achieve optimised design solutions. 581
The current state of optimisation in façade design focuses on the use of very specific (namely, GA) 582 techniques applied to few domains of interest (e.g. thermal behaviour). This approach captures only 583 partially the interrelationships underlying the design of the product, as the majority of the effort is 584 dedicated to the optimisation algorithm at the expense of the knowledge capture stage. For this 585 reason, more emphasis should be put in the analysis of the product architecture, and in the collection 586 and formalisation of the available design knowledge, even at the expense of obtaining more 587 approximate values of the objective functions. The present paper introduces a two-step process for 588 determining the optimal solution in terms of multiple criteria when configuring a specific facade 589 product at early design stages. The first step requires the identification of the product architecture 590 and sets the ground to integrate design and manufacturing knowledge into a single, interactive 591 knowledge base for product configuration. It is a process at the boundaries of knowledge 592 management, data visualisation, digital technologies, and engineering. The construction of the 593 knowledge base has allowed a comprehensive overview of the underlying knowledge behind the 594 design and manufacture of a real-world facade product manufactured by a specific supplier. The 595 implementation of rules and constraints into an existing platform (Rhinoceros and Grasshopper) has 596 allowed the automatic use of such criteria for design purposes. Although the approach has been 597 applied to a specific case-study of a precast panel, its generality makes it applicable to other system 598 types. As an example, unitised façades are highly prefabricated systems that require early capture of 599 the fundamental criteria governing thermal and structural behaviour, manufacturing limits and 600 logistics. 601
The second step involves a decision-making procedure for choosing between a set of non-dominated 602 solutions characterised by specific performance indices. The process creates a "meta-domain" of 603 analysis to find trade-offs between performance and architectural intent, while allowing for maximum 604 compliance to manufacturing, logistic and design constraints. Those constraints are not treated as 605
"hard" and as such, innovation is still possible by exploring apparently non-compliant solutions. 606
Limitations on the choice of points on the Pareto front are therefore addressed and partially reduced: 607 the meta-front is more selective, more readable and richer than a traditional Pareto front, that does 608 not give insights on the architectural intent and manufacturability/buildability criteria. 609
Further work is required to investigate the increased quality, reduced design costs and time by using 610 such tool. Future work will thus include testing the tool by running workshops with sector experts to 611 quantify the benefits arising from such novel approach. 612
